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Introduction 

The following b r i e f  introductory comments serve as an abridged 

summary of t he  s t a tus  of low-energy charged p a r t i c l e  observations 

within the  ea r th ' s  magnetosphere during 1965 as presented a t  the  f irst  

Advanced Study I n s t i t u t e  on t h e  geomagnetically trapped rad ia t ion  

[McCormac, 19661 and provide a framework f o r  t h e  present discussions 

of the  complex s p a t i a l  d i s t r ibu t ions  and temporal va r i a t ions  of low- 

energy proton and e lec t ron  i n t e n s i t i e s  which have recent ly  been 

detected and i n i t i a l l y  surveyed within the  ea r th ' s  rad ia t ion  zones 

and t h e i r  environs. 

i n t e n s i t i e s  over geocentric r a d i a l  distances 1 t o  10 (%, ear th  

rad ius)  has progressed slowly when compared t o  t h e  rap id ly  increasing 

knowledge concerning higher energy proton (E 2 100 keV) and electron 

( E  > 50 keV) d i s t r ibu t ions  due t o  severe obstacles  i n  constructing 

observational apparatus with su f f i c i en t  s e n s i t i v i t y ,  energy thresholds 

and immunities t o  background responses a t t r i b u t a b l e  t o  t h e  energet ic ,  

penetrat ing charged p a r t i c l e s  of the  inner  and outer  r ad ia t ion  zones 

and t o  solar u l t r a v i o l e t  emissions. By 1965 exploratory searches f o r  

l a r g e  i n t e n s i t i e s  of low-energy protons and e lec t rons  with s a t e l l i t e -  

borne re ta rd ing  po ten t i a l  analyzers, plasma cups and CdS c rys t a l s  had 

i d e n t i f i e d  several  regions within and near t h e  magnetosphere i n  the  

The study of low-energy charged p a r t i c l e  
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v i c i n i t y  of the  magnetic equator ia l  plane which were character ized by 

r e l a t i v e l y  high charged p a r t i c l e  i n t e n s i t i e s .  Two of these  regions 

a re  evident i n  the  summay of i n i t i a l  observations which i s  presented 

i n  Figure 1 [Frank, 1966aI ; v i z . ,  (1) within t h e  magnetosheath which 

l i e s  between t h e  magnetospheric boundary (magnetopause) and the  

t r a n s i t i o n  shock and (2)  i n  the  dark hemisphere of t h e  magnetosphere 

a t  geocentric r a d i a l  dis tances  exceeding - 8 % near t h e  magnetic 

equator ia l  plane (see Frank [1966a] f o r  t h e  appropriate references 

f o r  t he  several  measurements displayed i n  Figure 1 and the  following 

Figure 2 ) .  

survey i s  the  evening hemisphere of t h e  magnetosphere over geocentric 

r a d i a l  dis tances  - 1 t o  15 RE. The strong dependence of t h e  s p a t i a l  

d i s t r ibu t ions  of e lec t ron  i n t e n s i t i e s  upon e lec t ron  energy i s  demon- 

s t r a t e d  by a comparison of the  s p a t i a l  d i s t r ibu t ions  of e lectron 

(E - 50 keV) i n t e n s i t i e s  shown i n  Figure 2 [Frank, 1966a3 with t h e  

summary of lower energy electrons (- 1 keV) of t h e  previous Figure 1. 

The complexity of t he  e lec t ron  d is t r ibu t ions  i n  t h e  outer  r ad ia t ion  

zone i s  fu r the r  s t r e s sed  by t h e  comprehensive study of t h e  temporal 

va r i a t ions  of higher energy electron i n t e n s i t i e s  presented i n  

Figure 3 [Owens and Frank, 19671 which displays i so - in t ens i ty  contours 

for omnidirectional i n t e n s i t i e s  of e lectrons (E > 40 keV, > 230 keV 

and - > 1.6 MeV) as  functions of she l l  parameter L and time a t  t h e  

geomagnetic equator during the  period October through November 1962. 

Of primary i n t e r e s t  during t h e  course of our present 

- - 
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O u r  eventual understanding of these d is t r ibu t ions  of charged p a r t i c l e s  

and t h e i r  temporal var ia t ions  i n  i n t e n s i t i e s ,  presumably or iginat ing 

v i a  a present ly  unknown ' l o c a l  acceleration'  mechanism i n  the  e a r t h ' s  

magnetosphere with the  flow of solar plasma as t h e  primal energy 

source, depends heavily upon detai led observations of lower energy 

charged p a r t i c l e s  with energies - 1 eV t o  t e n s  of keV, as well as of 

geomagnetic and geoelectr ic  f i e l d s .  Several recent observations of 

proton and electron i n t e n s i t i e s  over t h e  energy range extending from 

- 100 eV t o  50 keV which a r e  d i r e c t l y  per t inent  toward del ineat ing 

several  gross fea tures  of the  dynamics of t h e  e a r t h ' s  magnetosphere 

a r e  summarized i n  the  following discussion. 
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Brief Description of Instrumentation and Orbit  - -- 

A s  a major f r ac t ion  of t h e  observations of low-energy charged 

p a r t i c l e  i n t e n s i t i e s  i n  the  outer rad ia t ion  zone summarized here in  

was 

e a r t h - s a t e l l i t e  OGO 3 it i s  appropriate t h a t  a t t en t ion  i s  d i rec ted  

toward several  s a l i en t  fea tures  of t h e  instrumentation and of t h e  

o r b i t .  

eccent r ic  o r b i t  with i n i t i a l  apogee 128,500 km and perigee 6,700 km 

geocentric r a d i a l  distances,  inc l ina t ion  31" and period 48.6 hours. 

A t  launch t h e  geocentric l o c a l  time of t h e  d i rec t ion  of t he  l i n e  of 

apsides was - 22:OO. A composite system of react ion wheels and gas 

j e t s  provided a predetermined, monitored or ien ta t ion  of t he  various 

spacecraf t  coordinates with respect t o  the  direct ions from the  

s a t e l l i t e  t o  ea r th  and the  sun and with respect  t o  t h e  o r b i t a l  plane. 

This a t t i t u d e  system operated normally from launch t o  23 Ju ly  1966. 

On 23 Ju ly  a power inver te r  associated with t h e  a t t i t u d e  cont ro l  system 

f a i l e d  and t h e  spacecraft  was subsequently commanded i n t o  a spin- 

s t a b i l i z e d  mode. 

per iod  of normal operation of the a t t i t u d e  system. 

a t y p i c a l  outbound segment of  the t r a j e c t o r y  over t he  range of L-values 

- 3 t o  15  during t h i s  period a re  displayed i n  Figure 4 where h denotes 

obtained with an a r ray  of e l e c t r o s t a t i c  analyzers borne on t h e  

OGO 3 (1966-49A) w a s  launched on 7 June 1966 i n t o  a highly 

A l l  data  presented here were acquired during the  

Coordinates for  

m 
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i s  solar magnetospheric l a t i t u d e ,  and QSE and %M magnetic l a t i t u d e ,  

cpSE a r e  so la r  e c l i p t i c  l a t i t u d e  and longitude, respect ively.  

t h a t  the  o r b i t  i s  positioned a t  low l a t i t u d e s  near l o c a l  evening over 

the  outbound segments. 

coordinates for inbound segments which a r e  located near l o c a l  midnight 

a t  - 10 R 

Note 

Reference t o  Figure 17 provides t y p i c a l  

geocentric radial  distances. E 

The University of Iowa instrumentation includes four cyl indrical-  

p l a t e  e l e c t r o s t a t i c  analyzers t o  select  charged p a r t i c l e  energy and 

continuous channel mult ipl iers  (Bendix 'channeltrons')  as charged 

p a r t i c l e  detectors .  

e l e c t r o s t a t i c  analyzers i s  shown in  Figure 5: 

t h r e e  cy l indr ica l  curved p la tes ;  C 

analyzers, respect ively,  since P, i s  biased with a var iable ,  programmed 

pos i t ive  voltage; and A and B locate  t h e  entrance apertures of two 

continuous channel mul t ip l ie rs .  A more complete descr ipt ion has been 

given by Frank [1965b, 1967aI. 

analyzers provides simultaneous measurements of the d i rec t iona l  

i n t e n s i t i e s  of protons and electrons,  separately,  within t h e  same 

energy bandpasses over an energy range extending from approximately 

100 eV t o  50,000 eV. A summary of the  proton energy bandpasses f o r  

one e l e c t r o s t a t i c  analyzer (LEPEDEA ' A ' )  i s  provided i n  Table I. 

d i rec t ions  of t h e  f i e l d s  of view of these two p a i r s  of e l e c t r o s t a t i c  

analyzers,  designated as LEPEDEA's 'A '  and 'B '  (LEPEDEA, Low Energy 

A diagram of one of the  two p a i r s  of these  

P and P denote 
'17 2 3 

and C 1 2 are  the proton and electron 

Each of  the two pa i rs  of e l e c t r o s t a t i c  

The 
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TABLE I 

OGO 3 LEPEDEA PROTON CHANNELS 'A '  

ENERGY BAiTDPASSES* 

Proton Channel Energy Bandpasst 

3PA 
4PA 
5PA 
6PA 

100 - 160 ev 

220 - 350 eV 

360 - 570 eV 

480 - 760 eV 

740 - 1200 eV 

1.1 - 1.8 keV 

1.8 - 2.9 keV 

3.0 - 4.8 keV 

l lpA 

12pA 

13 PA 

14 PA 

4.4 - 7.1 keV 

8.1 - 13 keV 

1 2  - 1 9  keV 

16 - 25 keV 

15  PA 31 - 49 keV 

See also Frank [1967cl. * 
*Analyzer constant i s  7.8 ev(volt)- '  
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Proton and Electron Dif fe ren t ia l  Energy Analyzer) a re  orthogonal and 

a r e  directed p a r a l l e l  t o  spacecraft body Cartesian axes, +Z (toward 

ear th  during normal spacecraft  operations) and +Y, respect ively.  

concluding t h e  foregoing comments concerning t h e  instrumentation we 

s t r e s s  t h a t  a la rge  f r a c t i o n  of t h e  following observations w a s  

possible due t o  t h e  l a r g e  geometric f a c t o r ,  and hence l o w  threshold 

i n t e n s i t y ,  of t h e  instrument which exceeds $hose of previously flown 

e l e c t r o s t a t i c  analyzers directed toward measurements of t h e  so la r  wind 

[cf Wolfe, S i lva  and Myers, 19661 by f a c t o r s  > 100. 

I n  

N 
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Distr ibut ions of Low-Energy Protons and Electrons 

-- i n  t he  Earth 's  Magnetosphere 

- - 

Several recent  measurements of low-energy proton and electron 

i n t e n s i t i e s  i n  t h e  ea r th ' s  outer radiat ion zone and i t s  immediate 

environs have revealed heretofore  unknown fea tures  of t he  charged 

p a r t i c l e  d i s t r ibu t ions  within t h e  e a r t h ' s  magnetosphere which a re  

int imately as s oc ia t  e d with such ground-b as e d ge ophys i ea1 phenomena 

as auroras,  geomagnetic storms and very-low-frequency (VLF) e lec t ro-  

magnetic radiat ions.  A s  a l a rge  f r a c t i o n  of t he  observations 

summarized here were acquired w i t h  instrumentation borne on the  ear th-  

s a t e l l i t e  OGO 3 during the period June through J u l y  1966 t h e  reader 

i s  reminded t h a t  these measurements were obtained at low magnetic 

l a t i t u d e s  (h < 25") and i n  the  evening-local midnight quadrant of 

t h e  magnetosphere. F i r s t  observations of t h e  d i s t r ibu t ions  of low- 

energy protons (100 ev < E < 50 keV) i n  t h e  outer zone during a 

m -  

' u -  

period of r e l a t i v e  magnetic quiescence a re  displayed i n  Figures 6 and 

7 (Frank, 1967%). The direct ional  i n t e n s i t i e s  of protons within t h e  

s i x  energy bandpasses 330 < E < 530 eV, 450 < E < 720 eV, 

1.8 < E < 2.9 keV, 11 < E < 18 keV, 16 < E < 26 keV and 

30 < E < 48 keV have been plot ted as functions of magnetic s h e l l  

- -  - -  

- -  - -  - -  

- -  
parameter L over L-values from 3 t o  15.  It i s  e a s i l y  noted t h a t  



(a )  the  narrow proton maximum a t  L - - 4 i s  predominatly populated by 

protons with energies < 2 keV, (b)  proton (E > 5 keV) i n t e n s i t i e s  a re  

concentrated i n  a region extending from L - - 5 t o  10, ( e )  f i n e  

s t ruc ture  e x i s t s  i n  t h e  p r o f i l e s  of proton (E < 26 keV) i n t e n s i t i e s  

beyond L - - 8, a t t r i b u t a b l e  t o  temporal and/or s p a t i a l  var ia t ions  i n  

i n t e n s i t i e s ,  and (d) there  i s  a m a x i m u m  i n  proton (30 - -  < E < 48 keV) 

i n t e n s i t i e s  at L - - 7, 4.5 X 10 

energy proton i n t e n s i t i e s  a t  L - 4 are  a t r ans i en t  and var iab le  

fea ture  of t he  d i s t r ibu t ion  of charged p a r t i c l e s  i n  t h i s  region. 

Although the  l a rge  low-energy proton (and electron)  populations 

summarized here w i l l  s ign i f icant ly  d i s t o r t  t h e  geomagnetic f i e l d  and 

hence influence t h e  l abe l l i ng  of a given spacecraft  pos i t ipn  with the  

magnetic coordinates B and L,  the  magnetic coordinates as derived 

from magnetic surveys at t h e  ea r th ' s  surface [Jensen and Cain, 19621 

have been adopted throughout t h e  present discussion as  reference 

coordinates i n  l i e u  of an eventual model of t h e  geomagnetic f i e l d  

based upon simultaneous magnetometer measurements. 

cy 'y 

ru 

6 2  -1 (cm -see-sr)  . The peaks of low- 

- 

O f  immediate i n t e r e s t  with respect t o  these  low-energy proton 

d i s t r ibu t ions  i s  t h e  behavior of t h i s  vast  reservoi r  of energy during 

a geomagnetic storm; i . e . ,  a re  these low-energy protons the  pre- 

dominant population of t h e  storm-time e x t r a t e r r e s t r i a l  r i n g  current 

and hence responsible for t he  world-wide decrease of t he  magnetic 

f i e l d  i n t e n s i t y  observed a t  low and middle l a t i t u d e s  a t  the  e a r t h ' s  
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surface during magnetic storms. 

covering a moderate magnetic storm during ear ly-July 1966 and perigee 

crossings (P)  when measurements of t h e  low-energy proton populations 

i n  the  outer rad ia t ion  zone were possible a re  shown i n  Figure 8. Note 

t h a t  observations during t h e  main phase of the  event were fo r tu i tous ly  

obtained. 

magnetic l a t i t u d e s  and f o r  1 < L < 8 during the  ear ly-July magnetic 

storm a re  summarized i n  Figure 9 which displays d i r ec t iona l  i n t e n s i t i e s  

of protons within the  above energy range as functions of magnetic 

s h e l l  parameter L f o r  a s e r i e s  of four  homogeneous ( i . e . ,  f o r  a given 

L-value the  s a t e l l i t e  pos i t ion  and d i rec t ions  of f i e l d s  of view 

d i f f e r  by < 5") inbound passes during pre-storm, main phase, recovery 

phase and post-storm conditions. 

i n t e n s i t i e s  share the  same ordinate sca les  t o  f a c i l i t a t e  comparison 

of t he  s p a t i a l  d i s t r ibu t ions  of these protons during various e ras  of 

t h i s  geomagnetic storm. It i s  evident upon perusal  of Figure 9 t h a t  

(1) t h e  measurable pre-storm dis t r ibu t ion  of proton (31 < E < 49 keV) 

i n t e n s i t i e s  i s  confined t o  L >, 4.5, (2)  a severe increase i n  proton 

(31 < E < 49 keV) d i r ec t iona l  i n t e n s i t i e s  over 2.9 < L < 5.5 i s  

apparent i n  t h e  main phase observations on 9 Ju ly  1966 with a 

m a x i m u m  i n  i n t e n s i t i e s  located at L - - 3.6, ( 3 )  by 11 Ju ly  (recovery 

phase) t h i s  proton d i s t r ibu t ion  has  subs t an t i a l ly  decreased i n  

i n t e n s i t i e s  with a peak in t ens i ty  now posi t ioned at L - 4.5 and 

Hourly DsT(H) values for t he  per iod 

The d i s t r ibu t ions  of protons (31 < E < 49 keV) at low - -  
' v I u  

'v 

All four p r o f i l e s  of d i r ec t iona l  

- -  

' u ' u  - -  

- 
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(4)  during the  post-storm period of 13 July the  proton d i s t r ibu t ion  i s  

grossly characterized by pre-storm, o r  quiescent period, i n t e n s i t i e s .  

I n  order t o  es tab l i sh  t h a t  these proton (200 eV - -  < E < 50 keV) 

i n t e n s i t i e s  within t h e  e a r t h ' s  outer r ad ia t ion  zone a re  not only 

pos i t ive ly  correlated with increasing magnitude of D (H)  but a re  

i n  f a c t  t h e  predominant contributors t o  t h e  e x t r a t e r r e s t r i a l  r i n g  

current providing t h e  depression of t h e  geomagnetic f i e l d  a t  low and 

middle l a t i t u d e s  on t h e  e a r t h ' s  surface during magnetic storms it i s  

necessary t o  demonstrate t h a t  t he  t o t a l  energy of t h i s  host  of charged 

p a r t i c l e s  i s  adequate t o  account for  t he  disturbance f i e l d .  

been previously shown t h a t  t he  t o t a l  energy of charged p a r t i c l e s  within 

t h e  e a r t h ' s  magnetosphere i s  proportional t o  t h e  magnitude of t h e  

decrease of t h e  horizontal  i n t ens i ty  of t he  magnetic f i e l d  on t h e  e a r t h ' s  

surface a t  the  equator [Dessler and Parker, 1959; Parker, 1966; 

Sckopke, 19661. 

energy proton (and electron)  d is t r ibu t ions  it i s  necessary t o  expand 

t h e  'snapshots'  of Figure 9 i n t o  meridional cross-sections of the  

energy densi ty  contours i n  a R-Am coordinate system by approximating 

t h e  l a t i t u d e  dependence of t h e  energy dens i t ies  v i a  u t i l i z a t i o n  of 

simultaneous observations of the  d i r ec t iona l  i n t e n s i t i e s  at two  p i t ch  

angles a t  a given L-value (see Frank [1967c] fo r  a de t a i l ed  discussion 

of  these ca lcu la t ions) .  

of proton energy density contours f o r  t h e  main phase of the  ear ly-  

ST 

It has 

I n  order t o  evaluate the  t o t a l  energy of the  low- 

An example of t he  meridional cross-sections 
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Ju ly  magnetic storm i s  shown i n  Figure 10. The t o t a l  energy of t h e  

proton (200 eV < E < 50 keV) d is t r ibu t ion  i s  then obtained by 

numerical in tegra t ion  of the contours displayed i n  Figure 10 with the  

assumption of an azimuthally symmetric r i n g  current.  

comparison of t h e  calculated and the observed decreases, & ( o )  and 

DST(H),  respect ively,  of the  magnetic f i e l d  i n t e n s i t y  a t  t h e  ear th’s  

surface near t h e  equator, neglecting the  diamagnetism of t h e  ear th ,  

f o r  t h e  main phases of two moderate magnetic storms and a t y p i c a l  

quiescent period i s  provided i n  Table 11. The calculated charged- 

p a r t i c l e  t o t a l  energies,  and hence t h e  calculated AB(o), a r e  judged 

t o  be accurate t o  within + 50% ( refer  t o  Frank [1967c]). 

of t h e  calculated and observed magnitudes of t h e  decreases of f i e l d  

i n t e n s i t i e s  a t  t h e  e a r t h ’ s  surface shown i n  Table I1 f i rmly  establ ishes  

t h a t  (1) protons (200 eV < E < 50 keV) a re  t h e  pr inc ipa l  contributors 

t o  the storm-time e x t r a t e r r e s t r i a l  r ing  current and (2) electrons 

(200 eV < E < 50 keV) are  substant ia l ,  though l e s s e r  contributors,  

- 20% of t h e  t o t a l  r i n g  current ,  a r e s u l t  which i s  i n  qua l i ta t ive  

agreement with e a r l i e r  measurements with CdS c r y s t a l s  borne on 

Explorer 12 [Frank, 1966133. 

- -  

A tabular  

Inspection - 

‘ V T U  

‘ v r u  

The observations reported above a r e  insuf f ic ien t  t o  del ineate  

t h e  mechanism, or combination of mechanisms, which i s  responsible f o r  

t h e  t ransport  of charged par t ic les  of t h e  e x t r a t e r r e s t r i a l  r ing  

current from t h e  d is tan t  magnetosphere t o  locat ions deep within the  



TABLE I1 

REPRESmTTATIVE TOTAL PROTOM (200 eV < E < 50 keV) 
AND E3,ECTRON (200 eV 4 E < 50 keV) ENERGIES WITHIN 

THE EARTI-1's RADIATION ZONES* 

- -  
- -  

Charged 
Part  i c l  e s 

Protons 
(200 eV < E < 50 keV) - -  

Protons 
(200 eV < E < 50 keV) - -  

Protons 
(200 eV < E < 50 keV) - -  

Electrons 
(200 eV < E < 50 keV) - -  

Charged Pa r t i c l e  
Total  Energy 

(ergs) 
1 < L < 8  

4.8 x io21 

22 1.4 x 10 

22 2.1 x 10 

5.3 x 1o2I 

-12 

-36 

-55 

-14 

Qaies cent; 

- 3 O ( ? L O )  

- 50 (?lo) 

* 
See also Frank [ 1967c ] .  
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e a r t h ' s  magnetosphere o r ,  a l te rna t ive ly ,  f o r  t h e  accelerat ion of 

lower energy protons (E < 100 e V )  t o  energies - t ens  of keV on a given 

L-shell .  The in t e rp re t a t ion  o f  these r e s u l t s  i n  terms of a spec i f i c  

accelerat ion mechanism i s  precluded by the  necess i ty  of simultaneous 

measurements of e l e c t r i c  f i e l d s  and magnetic f i e l d  f luc tua t ions  and 

of t h e  lower energy (ambient) plasma i n  these regions.  However, 

severa l  observations of proton and e lec t ron  dens i t i e s  within t h e  

outer  rad ia t ion  zone which are already avai lable  i n  t h e  l i t e r a t u r e  

appear worthy of discussion i n  re la t ionship t o  t h e  e x t r a t e r r e s t r i a l  

r i n g  cur ren t .  

s tud ie s  of whist ler  propagation through the  outer  r ad ia t ion  zone t h a t  

a 'knee' i n  t h e  e lec t ron  dens i t ies  near t he  magnetic equator ia l  plane 

i s  a pe r s i s t en t  fea ture  of t he  outer rad ia t ion  zone and has denoted 

t h e  region of higher e lec t ron  dens i t ies ,  - 100 ( ~ m ) - ~ ,  ( see  Figure 11) 

a s  t h e  plasmasphere. 

t h e  pos i t ion  of t he  outer  surface of t h e  plasmasphere, or plasmapause. 

Comparison of t he  pos i t ion  of t h e  plasmapause depicted i n  Figure 11 

with t h a t  of t he  earthward boundary of t he  e x t r a t e r r e s t r i a l  r i ng  

cur ren t  during a moderate storm as shown i n  Figure 10 suggests t h a t  

t hese  two 'boundaries' may coincide. Several other  observations tend 

t o  support t h i s  suggestion. Recent observations of the thermal ion  

d e n s i t i e s  with a sa te l l i t e -borne  posi t ive- ion spectrometer [Taylor, 

Brinton and Smith, 19653 support t h e  existence of a plateau i n  ion 

- 

Carpenter [1963; 19661 has in fe r r ed  from ground-based 

Of d i r e c t  i n t e r e s t  i n  t h e  present discussion i s  



dens i t ies  ( the  plasmasphere) and the inverse cor re la t ion  of  t h e  

pos i t ion  of t h e  'knee' with magnetic a c t i v i t y  ( see  Figure 12) pre- 

viously reported by Carpenter [ 19661. 

t h a t  t h i s  ion b e l t  contracts  and expands over an L-value range extending 

from L - 3.0 during periods of high geomagnetic a c t i v i t y  t o  L - 5 - 6 

during in t e rva l s  of r e l a t i v e  magnetic quiescence [Taylor, e t  al, 19651. 

The posi t ions of t he  inner edge of t h e  e x t r a t e r r e s t r i a l  r i ng  current 

during the  main phases of two moderate magnetic s torms and a period 

of r e l a t i v e  magnetic quiescence are summarized i n  Figure 13 which 

displays proton (200 eV < E < 50 keV) energy dens i t i e s  at the  magnetic 

equator as functions of s h e l l  parameter L f o r  these three  periods. 

O f  pa r t i cu la r  note a re  the  posi t ions of peak energy dens i t i e s  a t  

L - 6.5 on 23 June 1966 ( r e l a t i v e  magnetic quiescence), a t  L - 4.5 

The spectrometer r e s u l t s  show 

- - 

- -  

- - 

on 25 June (DST(H) 2 - 307) and at  L - - 3.2 on 9 Ju ly  (DST(H) - 5 0 Y )  

and t h e  corresponding decreasing r a d i a l  distance of the  pos i t ion  of t h e  

e x t r a t e r r e s t r i a l  r i ng  current w i t h  increasing geomagnetic a c t i v i t y  

[Frank, 1967~1.  

and of t h e  pos i t ive  ion b e l t  strongly suggest t h a t  t h e  plasmapause and 

t h e  earthward boundary of t he  low-energy charged p a r t i c l e  populations 

which dominate the  r ing  current  are int imately r e l a t ed .  One observational 

problem which remains un reso lved i s  posed by the  energy densi ty  

contours of protons (200 eV < E < 50 keV) and electrons (200 eV f E 

- < 50 keV) as  functions of  L during t h e  main phase of t he  moderate 

These measurements of t h e  e x t r a t e r r e s t r i a l  r i n g  current  

- -  
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geomagnetic storm of early-July shown i n  Figure 14.  

of these measurements es tab l i shes  t h a t  t he  peak proton (200 eV < E < 

50 keV) energy dens i t i e s  before t h e  rap id  decrease with decreasing L on 

t h e  earthward edge of t h e  r ing  current a t  L - 3.2 l i e s  deeper within t h e  

magnetosphere than the  corresponding pos i t ion  f o r  t h e  e lec t ron  (200 eV 

< E < 50 keV) energy dens i t ies  at L - 4.0. 

plasmapause correspond t o  t h e  earthward boundary of t he  e lec t ron  or 

proton d i s t r ibu t ions ,  or  perhaps the posi t ions of t he  plasmapause 

in fe r r ed  from whist ler  (e lec t ron)  observations and spectrometer 

(pos i t i ve  ion)  measurements d i f fe r  at  l e a s t  during geomagnetic storms? 

Future simultaneous measurements of t h e  ion  b e l t  and of t h e  charged 

p a r t i c l e s  of t h e  e x t r a t e r r e s t r i a l  r i n g  current a re  mandatory i n  order t o  

e s t ab l i sh  t h e  re la t ionship  suggested above and, i f  any, t o  in t e rp re t  t h e  

s ignature  of t h e  proton and electron energy densi ty  contours i n  terms of 

l o c a l  accelerat ion of thermal plasma or of large-scale  plasma convection 

within t h e  magnetosphere. 

One s a l i e n t  r e s u l t  

- -  

- 

Does t h e  pos i t ion  of t h e  - - -  

- 

An i n i t i a l  inves t iga t ion  of t h e  temporal va r i a t ions  of outer  

zone e lec t ron  spectrums over t h e  energy range - 100 eV t o  50 keV 

during geomagnetic storms has extended knowledge of these  e lec t ron  

spectrums t o  e lec t ron  energies heretofore unobserved within t h e  hear t  

of t he  outer  zone. The high energy ' t a i l '  (E > 50 keV) of t h i s  

e l ec t ron  d i s t r ibu t ion  has been studied i n  d e t a i l  over t h e  past  several  

years  (cf Figure 3) ;  f i rs t  observations of t h e  low-energy e lec t ron  

spectrums i n  the  outer  rad ia t ion  zone a re  summarized i n  Figure 15. 

The d i rec t iona l ,  i n t e g r a l  i n t e n s i t i e s  of e lectrons,  J(> E ) ,  above 

- 



300 eV on 23 June 1966 ( r e l a t i v e  magn&ic quiescence) and 25 June 

(main phase of a moderate magnetic storm) a t  severa l  L-values shown 

i n  Figure 1 5  a re  typ ica l  of the  storm-time va r i a t ions  of low-energy 

electron spectrums. 

of low-energy protons during t h i s  period t h e  reader i s  r e fe r r ed  t o  

t h e  previous Figure 13. 

(1) an enhancement of i n t eg ra l  i n t e n s i t i e s  by f ac to r s  < 40 over L - 
4 t o  6 during t h e  magnetic s t o r m ,  (2) a concurrent softening of t h e  

e lec t ron  i n t e g r a l  spectrums f o r  electrons with energies several  keV, and 

(3) enhancements of d i f f e r e n t i a l  i n t e n s i t i e s  of e lectrons which are  g rea t e s t  

f o r  e lectron energies - several  keV t o  severa l  t ens  of keV. The e lec t ron  

energy spectrum deeper within the  outer  r ad ia t ion  zone a t  L = 3.4 remained 

subs t an t i a l ly  unaffected by the  storm-time a c t i v i t y .  

comments concerning storm-time var ia t ions of t h e  outer  zone e lec t ron  

spectrums w i l l  be followed i n  the  f u t u r e  with an intensive inves t iga t ion  

of observations and a discussion of t h e i r  s ignif icance i n  del ineat ing 

t h e  nature of t he  accelerat ion mechanism. 

For reference t o  the  corresponding d i s t r ibu t ion  

Principal  f ea tu re s  of these  observations a re  

'v - 

These introductory 

Several researches conducted over t he  pas t  several  years have 

been d i rec ted  toward s tudies  of the sharp decrease i n  e lectron 

(E - 50 keV) i n t e n s i t i e s  with increasing L-value a t  L - 8 i n  t h e  dark 

hemisphere of t h e  magnetosphere a t  low and moderate l a t i t u d e s  [cf O'Brien, 

1963; Frank, Van Allen and Craven, 1964; McDiarmid and Burrows, 1964; 

Frank, 1965a; F r i t z  and Gurnett, 19651. An example of t h i s  precipi tous 



.decrease i n  e lec t ron  i n t e n s i t i e s  at  L - 5.7 and low a l t i t u d e s ,  

- 1,000 km, i s  shown i n  Figure 16 [ F r i t z  and Gurnett, 19651 which a l so  

- 

displays the  re la t ionship  of t h i s  boundary t o  an intense f l u x  of 

lower energy electrons (E - > 10 keV) at higher l a t i t u d e s .  

pos i t ion  of t h e  sharp decrease i n  e lec t ron  (E - 50 keV) i n t e n s i t i e s  

with increasing L has of ten been termed t h e  ' t rapping boundary' 

[cf Frank, 1965a; Craven, 19663; whether o r  not it i s  i n  f a c t  t h e  

This 

outermost l i m i t  of durable trapping ( i . e . ,  t h e  e lec t rons  remain trapped 

f o r  an e n t i r e  longi tudina l  drift period) within t h e  e a r t h ' s  magneto- 

sphere as  suggested by the  above designation i s  a problem which 

remains unresolved. 

of t h e  morphology of t h e  low-energy e lec t ron  (100 eV < E < 50 keV) 

d i s t r ibu t ions  within t h e  outer magnetosphere as  measured with the  

O u r  i n i t i a l  e f f o r t s  toward developing a descr ip t ion  

c v c u  

OGO 3 e l e c t r o s t a t i c  analyzer array have es tab l i shed  several  s a l i e n t  

f ea tu re s  of the  i n t e n s i t y  d is t r ibu t ions  near t he  ' t rapping boundary' 

a t  l o c a l  midnight near t h e  magnetic equator ia l  plane.  A t yp ica l  s e t  

of p ro f i l e s  of low-energy electron i n t e n s i t i e s  as  functions of she l l -  

parameter L i s  

t h e  outer magnetosphere a t  low magnetic l a t i t u d e s  near t h e  midnight 

meridional plane (cp = 180"). These p r o f i l e s  of t h e  d i r ec t iona l  

i n t e n s i t i e s  of e lectrons (630 < E  <1100 eV, 1 . 5  < E < 2.7 keV, 

6.8 < E < 12 keV, 27 < E < 47 keV and E > 45 keV) a re  remarkably 

d iss imi la r  with t h e  exception of t h e  region below L - 5 i n  t h e  outer  

displayed i n  Figure 17 during an inbound pass through 

SM 

- -  - -  

- -  - -  
- 



rad ia t ion  zone and a re  t y p i c a l  of t h e  observed d i s t r ibu t ions  of 

i n t e n s i t i e s  i n  t h i s  region. 

d i s t r ibu t ions  of lower energy electron i n t e n s i t i e s  a re  posit ioned 

with respect t o  t h e  ' t rapping boundary' v i a  a complex and energy- 

dependent re la t ionship  f o r  L > 5: 

e lec t ron  (27 < E < 47 keV) i n t e n s i t i e s  occurs a t  t h e  ' t rapping boundary' 

a t  L - 7.0 coincident with the  onset of a l a rge  decrease i n  e lectron 

(6.8 < E < 12 keV) i n t e n s i t i e s  with decreasing L,  (2)  a r ap id  decrease 

of i n t e n s i t i e s  of electrons (1.5 < E  < 2.7 keV) with decreasing L-value 

a t  L = 6.0 ins ide  t h e  ' t rapping boundary' and ( 3 )  a small maximum of 

e lec t ron  (630 < E < 1100 eV) i n t e n s i t i e s  ins ide  the  ' trapping boundary'. 

We s h a l l  d i r ec t  our a t t en t ion  herein pr imari ly  t o  t h e  pos i t ions  of 

t h e  onset of t h e  near-earth decreases of e lectron i n t e n s i t i e s  and 

designate these pos i t ions  as L ( E ) .  

s imi la r  t r a v e r s a l  of t h i s  region i s  displayed i n  Figure 18. 

given L-value t h e  coordinates a. (equator ia l  p i t c h  angle) , cp,, ( so la r  

magnetospheric longitude) and h 

period do not l a rge ly  d i f f e r  from those p lo t t ed  i n  Figure 17 s ince 

t h e  o r b i t a l  period of t h e  spacecraft  i s  48.6 hours (2.03 days). A 

s t r i k i n g  fea ture  of t h e  observations during these  four  passes i s  the  

pe r s i s t en t  deeper penetrat ion of m a x i m u m  e lec t ron  (1.5 < E < 2.7 keV) 

i n t e n s i t i e s  when compared t o  t h e  corresponding near-earth onset of 

decreasing i n t e n s i t i e s  of electrons (3.8 < E < 6.8 keV), or i n  our 

Inspection of Figure 17 reveals  t h e  

(1) only a small va r i a t ion  of 
,.2 

- -  

- 

- -  

- -  

- -  

A s e r i e s  of observations over a D 
For a 

(geomagnetic l a t i t u d e )  during t h i s  m 

- -  

- -  
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notat ion L 

[1967d] f o r  more examples). 

sharp decrease i n  e lectron (14 < E < 24 keV) i n t e n s i t i e s  i s  not 

usual ly  cognizable but i s  of ten posit ioned at LD (14 - -  < E < 24 keV) 

> L (3.8 < E < 6.8 keV) when a decrease i s  apparent (cf  Figure 18). 

The pe r s i s t en t  occurrence of greater values of L (E)  with increasing 

e lec t ron  energy within t h e  energy range - 1 t o  10 keV i s  demonstrated 

by the  summary offered i n  Table I11 which includes K fo r  t h e  period 

(1.5 < E < 2.7 keV) < LD (3.8 < E < 6.8 keV) ( see  Frank - -  - -  D 
A de f in i t e  pos i t ion  of t h e  onset of a 

- -  

- -  D 

D 

P 
of observation of L and 

D 19661. The values of L 

of observations reported. 

D t h e  corresponding da i ly  sum K CK [Lincoln, 

vary by several  ear th  r a d i i  within the  s e r i e s  

here and display no obvious cor re la t ion  with 

P' P 

K or ZK 

i s  usua l ly  - 0.5 RE. 
storm on 9 Ju ly  LD (1.5 < E < 2.7 keV) w a s  loca ted  deep within t h e  

outer  zone a t  L - 4.0 (c f  Figure 14). 

but t he  difference L(3.8 < E < 6.8 keV) - L(1.5 5 E < 2.7 keV) - - -  P P' 
During t h e  main phase of t he  moderate geomagnetic 

- -  
It i s  of fu r the r  i n t e r e s t  t o  - 

note  t h a t  t he  maximum i n t e n s i t i e s  of e lectrons (1 5 E 5 10 keV) can 

be loca ted  ins ide  t h e  ' t rapping boundary', outside the  ' trapping 

boundary', o r  may s t raddle  t h i s  posi t ion of t h e  termination of 

r e l a t i v e l y  high e lec t ron  (E > 45 keV) i n t e n s i t i e s  near l o c a l  midnight 

i n  t h e  v i c i n i t y  of t h e  magnetic equatorial. plane [Frank, 1967dI. It 

i s  noted here t h a t  these  observations of general ly  lower energy 

e lec t rons  (see Figures 17 and 18) and higher energy protons ( see  

Figures  6 and 7) with decreasing r a d i a l  distance over 5 < L 5 10 i n  
N 
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t h e  evening-midnight quadrant of the magnetosphere a re  i n  qua l i t a t ive  

agreement with calculat ions of the  ad iaba t ic  motion of so l a r  wind 

protons and electrons i n  a current model of t he  geoelectr ic  and geo- 

magnetic f i e l d s  [Hones, 1963; Taylor and Hones, 1965 ; Taylor, 19661. 

A diagram of the  e l e c t r i c  equipotent ia ls  projected i n t o  t h e  equator ia l  

plane i s  reproduced i n  the  present Figure 19 [Taylor and Hones, 19651; 

the  region of t he  observations of low-energy protons and e lec t rons  

discussed above l i e s  i n  t h e  (-X, Y) quadrant over geocentric r a d i a l  

dis tances  - 5 t o  15  RE. 
not de f in i t i ve  i n  terms of delineating t h i s  magnetospheric model as 

an e f f ec t ive  approximation of t he  e a r t h ' s  magnetosphere, it strongly 

suggests t h a t  a geoe lec t r ic  po ten t ia l  system exercises  an important 

r o l e  i n  t h e  accelerat ion (deceleration) of charged p a r t i c l e s  with 

energies < several  t ens  of keV within t h e  e a r t h ' s  magnetosphere. 

Although t h e  above qua l i t a t ive  agreement i s  

- 
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Figure CaDtions 

Figure 1. Coarse s m a r y  of low-energy chazged p a r t i c l e  observations. 

Average pos i t ions  of the  magnetopause and t h e  shock as given 

by Ness e t  a 1  [1964] have been included i n  t h i s  diagram 

( a f t e r  Frank [ 1966aI ) . 
Figure 2. Coarse s m a r y  of t h e  observations of e lec t rons  E > 40 

keV near t h e  e c l i p t i c  plane ( a f t e r  Frank [1966a]). 

Figure 3 .  Contours of constant omnidirectional i n t e n s i t i e s  of 

e lec t rons  (E > 40 keV, > 230 keV, and > 1.6 MeV) a t  t he  

magnetic equator during October through November 1962 ( a f t e r  

[Owens and Frank, 19671). has been included at 

bottom of t h i s  f i gu re  t o  indicate  l e v e l s  of geomagnetic 

a c t i v i t y .  

Daily sum K 
P 

Figure 4. Several usefu l  posit ion coordinates f o r  OGO 3 on 15  June 

1966 (outbound pass) ( a f t e r  Frank [ 1 9 6 p ] ) .  

Diagram of the  bas ic  mechanical f ea tu re s  of t he  OGO 3 Figure 5. 

Low Energy Proton and Electron Di f f e ren t i a l  Energy Analyzer 

(abbreviation, LEPEDEA) ( a f t e r  Frank [ 1967aJ ) . 
Figure 6. Unidirect ional  i n t ens i t i e s  of protons (330 < E < 530 eV, - -  

450 < E < 720 eV and 1.8 < E < 2.9 keV) as functions of L 

f o r  t h e  outbound OGO 3 t r ave r sa l  of t h e  outer  rad ia t ion  zone 

on 1 5  June 1966. In t ens i t i e s  a re  p lo t t ed  as 0 ,  upper l i m i t s  

as  0 ( a f t e r  Frank [1967bI). 

- -  - -  
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F igwe  7. Continuation of Figure 6 f o r  protons (11 < E < 18 keV, 

16 < E < 26 keV and 30 < E < 48 keV) ( a f t e r  Frank [1967b]). 

Hourly DsT(H) values for t h e  period covering t h e  

- -  

- -  - -  
Figure 8. 

geomagnetic storm during early Ju ly  1966 ( a f t e r  Frank [1967c]). 

Figure 9. Direct ional  i n t e n s i t i e s  of protons (31 < E < 49 keV) as - -  

functions of L at low magnetic l a t i t u d e s  during t h e  pre-storm, 

main phase, recovery phase and post-storm periods of the  easly- 

Ju ly  geomagnetic storm ( a f t e r  Frank [1967c]). 

Figure 10. Contours of constant proton (200 eV < E < 50 keV) energy - -  
dens i t i e s  i n  a R-h 

Frank [ 1 9 6 7 ~  I ) . 
coordinate system on 9 Ju ly  1966 ( a f t e r  m 

Figure 11. Ideal ized meridian cross sect ion of t h e  magnetosphere 

near 1400 LT. 

densi ty  plasma ins ide  t h e  plasmapause. 

The shaded region shows t h e  loca t ion  of t h e  high 

The dashed p a r t  of 

t h e  boundary shows t h e  low a l t i t u d e  region i n  which t h e  

s t ruc tu re  of t h e  knee i s  not well  known. 

represented i s  one of moderate but steady ag i t a t ion  ( K  =2-4) 

( a f t e r  Carpenter [ 19663 ) . 

The magnetic condition 

P 

Figure 12 .  Correlation between three N. p la teaus obtained at varying 

geomagnetic coordinates and t h e  knee i n  t h e  equator ia l  p r o f i l e  

of N determined from whist ler  data.  The inverse re la t ionship  

between p la teau  a l t i t u d e  and A i s  demonstrated ( a f t e r  Taylor, 

Brinton and Smith [ 19651 ) . 

1 

e 

P 
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Figure 13. Proton (200 eV < E < 50 keV) energy dens i t i e s  as  functions - -  
of L a t  t h e  geomagnetic equator ( A  = 0") during two moderate m 

geomagnetic storms on 25 June and 9 Ju ly .  The energy density 

p r o f i l e  f o r  23 June i s  a typ ica l  signature of t h e  quiet-time 

proton (200 eV < E < 50 keV) d i s t r ibu t ions  i n  t h e  evening 

sector  of t h e  e a r t h ' s  magnetosphere ( a f t e r  Frank [1967c] ) . 
- -  

F i w e  14. Electron (200 eV < E < 50 keV) and proton (200 eV _< E - -  
< 50 keV) energy dens i t i e s  as functions of L during t h e  main 

phase of t he  early-July s torm ( a f t e r  Frank [1967c]). 

- 

Figure 15.  Several d i r ec t iona l ,  i n t eg ra l  energy spectrums of l o w -  

energy electrons at selected L-values during r e l a t i v e l y  

quiescent ( 0 )  and moderately dis turbed (0) periods.  The 

l o c a l  p i t c h  angles a fo r  these d i r ec t iona l  i n t e n s i t i e s  a re  

given for  each L-value. 

Figure 16. An example of a southbound pass demonstrating t h e  l a rge  

amount of softening of the  e lec t ron  energy spectrum between 

10 and 40 keV associated with t h e  40 keV trapping boundary 

( a f t e r  F r i t z  and Gurnett [1965]). 

Figure 17. Direct ional  i n t e n s i t i e s  of e lec t rons  (630 < E < 1100 eV, - -  
1 .5  < E < 2.7 keV, 6.8 < E < 12 keV, 27 - -  < E < 47 keV and 

E > 45 keV) observed during an inbound pass through the  outer  

- -  - -  

magnetosphere near the  midnight meridional plane on 22-23 June 

1966 ( a f t e r  Frank [ 1967113 ) . 
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Figure 18. Continuation of Figure 17 f o r  d i r ec t iona l  i n t e n s i t i e s  of 

e lectrons (1.5 < E  < 2.7 keV, 3.8 < E  < 6.8 keV, 14 < E < 24 keV, 

and E > 45 keV) on 

- -  - -  - -  
1 July 1966 ( a f t e r  Frank [1967dl). 

Figure 19. E l e c t r i c  po ten t ia l s  mapped i n t o  t h e  equator ia l  plane viewed 

from above the  north pole ( a f t e r  Taylor and Hones [1965]). 
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